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Abstract
The photochemical activity of NADPH:protochlorophyllide oxidoreductase (POR) was studied in etiolated wheat (Triticum aestivum, L.,
cult. MV17) leaf homogenates. The kinetics of the transformation of protochlorophyllide into chlorophyllide was detected by fluorescence
intensity changes at 690 nm (formation of chlorophyllide) and 655 nm (decay of protochlorophyllide) at 20 jC, excited at 440 nm while the
pressure was varied between 0.1 and 400 MPa. Both kinetics could be fitted by two exponentials and the reaction rates were pressure-
dependent. A model was suggested based on the comparison of the two kinetics. Reaction rates of the processes occurring during the
prototransformation were determined in function of pressure. The evaluation yielded the activation volume as 1.7 ml mol  1, which
corresponds with the formation of one H-bond/molecule. D 2002 Elsevier Science B.V. All rights reserved.
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The photoconversion of protochlorophyllide (pchlide)
into chlorophyllide (chlide) is a key step in the chlorophyll
biosynthesis of higher plants. Pchlide and the cosubstrate
NADPH form ternary complexes with the enzyme,
NADPH:protochlorophyllide oxidoreductase (POR) [1].
The amino acid sequence of the enzyme was determined
in the case of several species [2,3]. There are also data about
the tertiary structure of POR [4], but its quaternary structure
and its native arrangements has not been described. The
complex spectral properties of pchlide [5,6] and the kinetics
of its prototransformation [7,8] indicate a specific, precisely
organized structure.
In this work, we exploited the fluorescence properties of
pchlide and chlide to study the pchlide photoconversion,
and the effect of high pressure to characterize the reaction. It
is well known that the activation energy can be obtained
from the temperature dependence of the reaction rate (k)
using Arrhenius plot. Experiments performed at variable
pressures provide the volume difference between the ground
and activated states (DV #, ‘‘activation volume’’) associated
to the reaction. The nearly 40 nm difference between the
fluorescence emission maxima of the substrate (pchlide) and
the product (chlide) allows the determination of the reaction
rate; and from its pressure dependence, the activation
volume can be calculated.
Besides temperature, hydrostatic pressure is becoming
more and more used as a thermodynamic parameter in
studying the quaternary structure, the folding and stereo-
chemical properties of proteins [9]. This approach was also
used in studying membrane-bound enzymes [10,11]. Vol-
ume changes in enzyme reactions [12], and activation
volume changes of enzymatic processes have been reported
[12,13]. This is the first time, however, when this method is
used for the characterization of pchlide phototransformation.
The studies were performed on 14-day-old dark-grown
wheat (Triticum aestivum, L., cult. MV17) seedlings, ger-
minated at 20 jC. From the middle section of the leaves, a
homogenate was prepared in a buffer of 0.05 M Na2HPO4/
KH2PO4, pH 7, containing 20% (w/v) sucrose and 50% (v/
v) glycerol. All manipulations were done in dim green light.
To check if the homogenate preserved the spectral properties
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and photoactivity of the native state, a control experiment
was performed prior to the kinetic studies: fluorescence
spectra of the homogenates were measured at 77 K before
and after flash irradiation (200 Amol s 1 m  2), and were
compared with those of intact leaves (Fig. 1). The measure-
ments were performed with a Fluoromax-2 (Jobin Yvon-
Spex, France) spectrofluorometer. The excitation wave-
length was 440 nm, the integration time 0.2 s, the emission
and excitation slits were 2 and 5 nm, respectively. It is seen
in the figure that the spectra of leaves and homogenates
were very similar in the two cases. Thus, we could take the
advantage of performing experiments on homogenates
instead of intact leaves. This made the measurements much
more reproducible, and in this way, the effect of high
pressure could be targeted directly onto the proteins within
the inner membrane structure. Due to the isolation proce-
dure and the buffer content, however, the environment and
viscosity were not identical to those in vivo which was taken
into consideration in the interpretation of the results.
The kinetics under high pressure were recorded by using
a FS900CD Luminometer (Edinburgh Analytical Instru-
ments, UK) combined with a thermostatted (20 jC) high
pressure optical cell (Unipress, Poland). The hydrostatic
pressure was generated by a manually driven pump (Nova,
Switzerland). Petroleum ether was used as pressure trans-
mitting medium. The sample (200 Al) was pipetted into a
cylindrical glass cuvette and sealed with a movable teflon
piston and a rubber O-ring. The cuvette was positioned in
the optical cell in the dark and pressurized up to 400 MPa in
steps of 50 MPa. (The pressurizing rate was approximately
150 MPa/min and thus the temperature rise was not greater
than 2 jC during this manipulation). The samples were
allowed to equilibrate for 1 min after having reached the
given pressure value. Phototransformation was achieved by
the excitation beam of the luminometer (the photon intensity
was 6 Amol s 1 m 2) at 440 nm, with an integration time
of 0.1 s, excitation and emission slits of 18 and 3.6 nm,
respectively. The delay between starting the illumination of
the samples and the onset of the registration of the curves
was about 0.3 s. The kinetics of phototransformation was
measured by recording the fluorescence intensities at either
655 nm (for pchlide) or at 690 nm (chlide) [14] under
illumination for 60 s. The first 30 s of the kinetics were used
for evaluation, the data of the last 30 s were averaged and
used as saturation value. The results of the kinetic experi-
ments for the two wavelengths are shown in Figs. 2 and 3 at
selected pressures. The analysis of the data showed that
none of these curves could be fitted by single exponentials.
Therefore, we based our conclusions on the parameters of
fittings with the sum of two exponentials that gave satis-
factory agreement with the experimental data as shown in
the figures (the error was within the range of the noise level
of the measurements). The rate constants at atmospheric
pressure (k0) for the two reaction components and for the
two wavelengths are given in Table 1. The presented data
show definite pressure dependence in the reactions. They
Fig. 1. Fluorescence emission spectra (77 K) of 14-day-old dark-grown
wheat leaf segments and leaf homogenates before and after flash irradiation
(200 Amol s 1 m 2). (a) Homogenate before irradiation, (b) leaf segment
before irradiation, (c) homogenate after flash irradiation, (d) leaf segment
after flash irradiation. The excitation wavelength was 440 nm. The spectra
were normalized at their maxima.
Fig. 2. Change in fluorescence intensity at 690 nm in the function of time,
during the first 5 s of protochlorophyllide phototransformation in
homogenates prepared from etiolated wheat leaves. The curves were
normalized at the average of their saturation values, measured during the
last 30 s of illumination. Phototransformation was achieved by the
excitation beam of the luminometer at 440 nm, intensity: 6 Amol s 1
m 2. The delay between the starting illumination of the samples and the
onset of the registration of the curves was about 0.3 s. Temperature: 20 jC.
Pressure values were: 0.1 MPa (a), 200 MPa (b) and 400 MPa (c). Original
data were fitted with the sum of two exponentials (smooth lines). Inset: The
dependence of the reaction rate constant (k) on the pressure ( p), originating
from the parameters of the second exponential. This value showed
characteristic pressure dependence. Straight line was calculated with linear
regression ln(k/k0) = 1.18 GPa 1p, where k0 is the rate constant at
ambient pressure. The slope was used for the calculation of the activation
volume.
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become slower at higher pressures, but the phototransfor-
mation is not inhibited even at the highest pressure. This
means, that a pressure of 400 MPa did not yet unfold the
enzyme. The dependence of the rate constants on the
pressure can be evaluated to yield the activation volume
of the reaction: DV# =RTD{ln(k/k0)}/Dp [12]. A plot
according to the formula is shown in the inset of Fig. 2.
Similar plots were obtained for the other reaction compo-
nents. The rate decreasing with pressure means a positive
volume change in the reactions, the values are found in
Table 1.
The complexity of the kinetic curves is in agreement with
earlier data showing that the decrease of the fluorescence
intensity of pchlide cannot be considered simply as the
disappearance of the pchlide form with fluorescence emis-
sion at 655 nm. It can be supposed, that the intensity change
is influenced by other processes, such as the parallel photo-
transformation of the other photoactive pchlide form [15],
and the formation of photochemical intermediates including
non-fluorescent quenchers [16–18]. In addition, other
results show that the NADP F chlide–POR complexes
formed as a side product and the NADPH chlide–POR
complexes may dynamically transform into each other [19].
The intensity of fluorescence at 690 nm is also influenced
by several phenomena. It is affected only partly by the
formation of the chlide form emitting at 690 nm, but it is
also influenced by the formation of non-fluorescent, short-
lived photochemical intermediates [16,17], and by the
presence of quenchers [18]. In this case also, the NADPF
chlide–POR complexes formed in the reaction may be
transformed into NADPH chlide–POR complexes and
vice versa, according to the Franck–Inoue chlide micro-
cycle [20]. In the emission spectrum of chlide, a time-
dependent blue shift is expected after the synthesis that
becomes terminated within about 30 min (called Shibata
shift in case of intact leaves) [21]. This blue shift was also
observed in our experiments, but within the short time
period of the kinetic studies, it could be neglected.
Although the studied phenomena are very complex, a
possibility arises from the comparison of the data shown in
Table 1 and from considering the nature of the pressure
effect, for constructing a model that enables us to draw
structural conclusions for the studied system. One of the
activation volumes obtained for pchlide conversion is
almost identical with one of those obtained for chlide
synthesis; the values are 1.7F 0.5 and 1.8F 1.2 ml mol  1,
, respectively (this value can be influenced somewhat by the
presence of glycerol and sucrose in the environment of POR
in homogenates, i.e. the activation volume in vivo need not
be exactly the same). Looking at the rate constants at
ambient pressure, their values also support the idea that
these two components may characterize the same phenom-
enon from two sides. We see a fast decay of the amount of
pchlide (k1 = 0.56 s
 1) and a slower appearance of chlide
(k1 = 0.13 s
 1), which seems reasonable. The pressure
effect may help us to suggest a structural background for
this reaction. Since the reaction involves a volume change,
we need to consider the possible steps of the transformation
from this aspect. Volume changes may be expected in the
enzyme reaction at the following stages: pchlide photo-
transformation, dissociation of the product from the enzyme,
regeneration of the photoactive complexes by rebinding of
pchlide and NADPH molecules into the active site via H-
bonds [22,23], the disaggregation of the POR subunits [24].
Among these, the rate-limiting step can be the regeneration
of the photoactive complexes by rebinding of pchlide or
NADPH into the active site of the enzyme. The activation
volume of the process (1.7 ml mol  1) corresponds to 3 A˚3
volume change per molecule during activation, which is
approximately as big as the volume change required for the
formation of one H-bond/molecule [25,26]. Earlier models
suggest H-bonding between the substrate and the enzyme
[22,23]. Our present studies concern the activated state
during the functioning of the POR enzyme. Based on our
Table 1
Activation volume (DV #) and rate constant values at atmospheric pressure
(k0) for protochlorophyllide–chlorophyllide phototransformation, measured
in wheat leaf homogenates at 20 jC
DV1
#
(ml mol 1)
k1,0
(s  1)
DV2
#
(ml mol 1)
k2,0
(s 1)
I655 1.7F 0.5 0.56 0.2F 0.5 0.082
I690 1.8F 1.2 0.13 2.8F 0.5 0.83
The parameters were calculated from fluorescence intensity measurements
at 655 (I655) and 690 nm (I690). The curves were normalized to their end
positions and fitted with the sum of two exponentials. The fitted rate
constant values at atmospheric pressure (k0) and the activation volume
(DV #) were calculated from the pressure dependence of the parameters of
the exponentials.
Fig. 3. Change in fluorescence intensity at 655 nm in the function of time,
during the first 10 s of protochlorophyllide phototransformation in
homogenates prepared from etiolated wheat leaves. Experimental con-
ditions are as in Fig. 2. Pressure values were: 400 MPa (a, b) and 0.1 MPa
(c, d). Original data were fitted with the sum of two exponentials (smooth
lines). The curves were normalized for the first point.
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results, we suggest that in this process, H-bond formation
(one bond/one substrate) may take place.
The application of high pressure provides a new
approach to the last steps of chlorophyll biosynthesis.
Further measurements on a longer time scale can also give
important information about the changes of the molecular
environment of POR during and after the photoreduction
(the results of a detailed analysis of the Shibata shift under
high pressure will be presented in a separate paper).
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